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The features of surface and interface roughness in crystalline AIAs/GaAs superlattices grown by molecular
beam epitaxy on vicinal001) GaAs substrates are studied by grazing-incidence x-ray scat(@iXg). The
effects of different growth moddgstep-flow or two-dimensional2D-) nucleation, different substrate prepa-
rations, and growth interruptions on the roughness are investigated. The results of GIXS are compared with
atomic force microscopyAFM) images of sample surfaces. For samples grown in the step-flow mode, both of
the methods display a distinct anisotropy in the lateral size of roughness along the substrate miscut direction
and perpendicular to it. The lateral correlation lengths given by GIXS correspond to the size of step bunches
observed by AFM, while individual steps are resolved by AFM only. GIXS reveals also a strong interface-
interface correlation or inheritance of roughness for all the samples which is not accessible by AFM. Moreover,
the angle of inclination of the direction of this inheritance from the surface normal is found to be dependent on
the growth conditions. Two effects in the skew inheritance have been observed by means of 2D mapping of
GIXS in the reciprocal spacéi) in the direction of substrate miscut the angle of skew inheritance inverted its
sign, (ii) in the direction perpendicular to the miscut a strongly skew inheritance appeared as an effect of
growth interruptions. Conclusions concerning the improvement of GIXS experiments applied to the studies of
multilayers are derived.S0163-18207)04839-X

[. INTRODUCTION discussiont? It is not completely understood as yet, how the
surface and interface morphology develops and how it is

Interfaces in semiconductor multilayers are of a wideinherited from interface to interface. In the case of strongly
practical interest since their quality directly affects the op-strained layer systems it has been suggested that the inherit-
eration of microelectronic devices. However, many methodsnce of the morphology is of thermodynamic rather than
of material science, like atomic force microscodFM), kinetic origin® Such a mechanism is, however, not expected
reflection electron microscopy, or reflection high-energyto be effective for weakly strained systems like AlAs/GaAs.
electron diffraction (RHEED) probe the sample surface Here the surface morphology is dominated by step bunching
roughness only, providing no information about internal in-(at least in the step-flow growth modehich is mainly in-
terfaces. In the recent years nonspecular grazing-incidendiienced by growth kinetics. The direction of inheritance
x-ray scatterindGIXS) has proved to be a powerful tool for strongly deviates from the surface normal and behaves in a
studying roughness phenomena, since it can deliver statistpeculiar way depending on the growth conditiéfisThe
cally averaged information about roughnesses of buried inabove phenomena urgently require detailed experimental and
terfaces and their correlations in multilayers® theoretical investigations.

Originally, GIXS method was developed for char- In Sec. Il we give a summary of the theory used for the
acteri- zation of the roughness of amorphous samiplesanalysis of GIXS from crystalline multilayers. Special atten-
Later on, it was also applied to crystalline tion is paid to the effect of steps on vicinal surfaces and of a
multilayers?’:91014-16.21-23.25-334 some of these applica- skew roughness transfer in multilayers on GIXS.
tions revealed effects not observed for amorphous objects. In Sec. Il the details of the sample preparation and the
Among these are a difference between GIXS measured alorexperimental techniques are described. Unlike most of the
the surface miscut direction and perpendicular toprevious studies we applied a 2D mapping of GIXS in recip-
it, 1014.16.21.27-2% 1 asymmetry of the GIXS pattern along the rocal space. This enabled us to reveal several new effects
miscut direction:%1621:2829and the formation of periodic which, to our knowledge, had not been noticed before. AFM
peaks in transverse scans of GIX¥:?1?°These are clear was also used in this study. The results obtained by both
indications of specific features of roughness in multilayersmethods are described in Sec. IV and compared and dis-
like atomic steps on vicinal interfacés%'* strain  cussed in Sec. V. We conclude with a summary of experi-
relaxation?® or skew roughness transfer betweenmental evidence and some recommendations regarding an
interfacest®?® However, the relationship between GIXS pat- improvement of GIXS techniques applied to semiconductor
terns and interface morphology in crystals is still undermultilayers and other crystals.

0163-1829/97/5@.6)/1046914)/$10.00 56 10 469 © 1997 The American Physical Society



10470

N
[001]

|

z, /\11‘///

v Z

FIG. 1. Effects causing the asymmetry of grazing-incidence x-
ray scattering from multilayersi) steps at vicinal interfaces due to
a small misorientation anglé,, between interfaces and a crystallo-
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takeoff angle to the surface and integrated over their devia-
tions from the incidence plane. Then Ed) is integrated
over the componeng, of the momentum transfer which is
perpendicular to the incidence plane:

do Sk° N
a0 e Y >

*
nn'=1ii"=rtj,j"=rt qznijqzn/i/]‘r

CnijCr

n/i/j/

*

+ o0
X f dX[quniiqzn'i'jf’cnn’(x)_1]e*iqxx'

()

As given by Eq.(3), an asymmetry of the GIXS pattern
with respect tot g, may appear solely due to an asymmetry

graphic plane andi) the skew inheritance of interfacial roughness I the correlation functioriC, .,/ (x) of the interface morphol-

by the angled. The other notations ark,, k<—wave vectors of
incident and scattered waves respectivel— direction along

ogy in the plane of incidenceFor self-affine roughness
which is characteristic to amorphous materials the correla-

sample surfaceZ—internal surface normal. For clarity, the vertical tion function K, (x) depends only on the distan¢e| be-

scale is expanded relative to the horizontal scale.

Il. THEORY

Nonspecular x-ray scattering from rough interfaces i

caused by the fluctuationsy(r) of material susceptibility in
the scattering object when materialforming the interface
occurs in the place of materid and vice versa. The most

tween the two points. Thus, the GIXS pattern is always sym-
metric.

As reported by several groups*162lx.ray scattering
from crystalline multilayers can exhibia) anisotropy and

S(b) asymmetry(polarity). These results were observed for

vicinal surfaces with a small miscut angg,<1° from a
crystallographic plane. Interfaces of multilayers grown on
such surfaces are not flat and consist of atomic steps and step

commonly used approach to calculate this effect in the lowy, ,,hed3

est order over the perturbatidny(r) is to apply the distorted
wave Born approximatiofDWBA).121213.151820rhe gen.

eral expression for the cross section of nonspecular X-T8arallel and perpendicular to stejid?

scattering from a multilayer wittN nonflat interfaces is

do  Sk*

N *

CuifC i1

_ 2 2 2 I
dQ 1672 S, =4 a*

nn' =1i,i'=rtj,j'=r;t qzn”qzn/i/j/

*

Xf d2p [QQZnijqznrirj/Knn’(P)_1]e_iQ|\P_ (1)

Here
Chi=A nDinDomeiqZ“i'Z“_Uzqz ij2
nij X0 nj J nrenie

ni

)

The observed anisotropy was the difference between
GIXS patterns taken with the incidence plane of x rays being
16.21The asymmetry
(polarity) was observed when the plane of x-ray incidence
was directed along the miscut and crossed the steps. Then,
the GIXS pattern became asymmetric with respect to the
right and left x-ray momentum transfegg along the inter-
faces. When the plane of incidence was rotated by 180°, the
asymmetry of GIXS was inverted and one could speak about
polarity in this sense. This effect was observed for Si/Ge
superlatticeg®16:21

The anisotropy effect does not require any special theory
since GIXS experiments probe interface morphology in the
incidence plane only. That means, the models of scattering
from isotropic roughness developed for amorphous objects

the parameterd xq are the differences in the mean x-ray are applicable for each particular measurement. Contrary to

susceptibilities of the two layers forming tin¢h interface;S
is the illuminated sample surface areg;;=kpj+kp:' is the
momentum transfer at scattering; and indizeend|| denote

that, the asymmetry effect is an indication of an asymmetry
in the correlation function. Thus, the derivation of asymmet-
ric Knn(X) is the major aim of this section. Two different

the vector components perpendicular and along the surfackinds of asymmetry can be assumed.

respectively. Finallyk™°" and D".°"" are the wave vectors

and the amplitudes, respectively, of transmittéf §nd re-

flected ¢) waves which are the solution to the specular re-

flection problem in multilayers for the real incident wakg
(denoted as “in”) and a virtual incident wavé&‘out” ) which
is the inverted scattered wakg (see Fig. 1. Both the “in”

A. Skew roughness inheritance

First, a skew inheritance of interface morphology might
take place at multilayer growth, i.e., the roughness features
of the bottom interface are inherited by succeeding interfaces

and the “out” solutions correspond to flat interfaces and carat some angl® to the interface normdFig. 1). For instance,

be given by the Parratt or Abeles methdds? The param-
etersa2=(523(0)), and K, (p) =(62,(0) 5z, (p)) are the

the inheritance might be declined from the surface normal
towards the step-flow direction, as observed in Ref. 16 and

rms roughness and the correlation function of the interfacshown in Fig. 1. The inheritance along some crystallographic

relief, respectively.

We consider the most widely used GIXS experiments
where the scattered waves are analyzed as a function of theirterface-interface

axis might also become favorable.
In the case of the skew
correlation

roughness transfer the
function transforms as
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Knn (X) — Knn/[x—tand(z,—z,/)], wherez, are the coor- model of interface roughness. Indeed, an additional non-
dinates of interfaceésee Fig. 1L With this function Eq.3)  specular x-ray reflection peak at anglg was found in Ref.

takes the form 42 for agglomeratedfacets on carefully prepared stepped
surfaces.
do  Sk3 ijc*,_,_/ _ Our further consideration is confined to small roughness,
EZB_E > > —— L eriadamz-z) whereq,o<1. Then, Eq(3) reduces to
Wn,n’ i,i' j,j/ qznijqznri/]‘r
do  Sk®
e * i —_— .. *
X j X[ &% Ty v K0 _ 1]e 00, (4) O SWnZn, E g CriiCrirj Knn (@), (6)

and the factor exp-igtand(z,—z,/)] in Eq. (4) provides Wherek,, (dy) = [dxK (x)exp(=ig,X) is a Fourier trans-
the asymmetry of GIXS with respect toq, . Equation(4) is form of the correlation function. In addition, we assume that
symmetric atg,=0 and the asymmetry increases wjtf|. the incidence and exit angles of x rays are larger than the
In the case of a periodic multilayer with correlated interfacecritical angle for total external reflection, so that x-ray specu-
roughness where x-ray scattering is bunched into resonand@r reflection.and refraction effects can be neglected. Then,
diffuse scatteringRDS) sheets parallel tq, axis and per- We can puD{y*'=1, D1°"'=0, q,n=0,, and Eq.(6) fur-
pendicular to the specular rdd?°the skew roughness trans- ther reduces to the Born approximation:

fer causes a tilt of the sheets by the anglaround their

centers at the specular rod. In most of GIXS experiments do  S«®

_:_2 A n(A n’)*e—qi(aﬁ-#aﬁ,)/Z
0x<0,, and therefore only large angles=1 rad can be dQ 8w~ Xol=Xo
detected. Therefore, for example, GIXS cannot resolve o
whether roughness is transferred along the surface normal, or X eI~ 2 [C, L (dly). (7)

along the normal to a vicinal crystallographic plane, since
the angle between them is small. The larger transfer angles Under the above simplifications, the correlation function
which could be resolved might appear in step-flow grownKnn(Qy) can be taken in the forms obtained in Refs. 14 and
samples, or if the roughness were inherited in some othed9 for x-ray scattering and RHEED from stepped interfaces,
crystallographic direction. respectively. The result of Ref. 14 is difficult for analysis,
The numerical examples are not given here, because a I6ince it is expressed in terms of an infinite series of the
of them will be presented in the experimental part. Forcorrelation functions of individual steps. Therefore, we take
K (X) we used the self-affine roughness model by Sinhghe correlation function from Ref. 39, where a sum of the
et al! and the interface-interface correlations in the form byseries was found in a compact form. Some of previous GIXS
Ming et al.:® studies used this function td° After a few transformations

. the result of Ref. 39 can be presented as
Knn,(x)=02exp[—(x/§)2 ]eX[i—|Zn—an|/§z). ©)

Here h is a roughness exponent €h<1), determining 2Any _ [1-P(q][1-H(q,)]

Kan (0x) = RE ) (8

“jaggedness” of roughnesg, is the lateral correlation length Cﬁf 1-P(qH(q,)

corresponding to a characteristic lateral size of roughness,

and¢, is the vertical correlation length for interface-interface w A

roughness correlations. A=« all the interfacial reliefs are P(qx)=J dLP(L)e1axt, 9

completely correlate¢replicated and at¢,=0 they are non- 0

correlated. Equatiofb) neglects a different vertical correla-

tion for roughness with small and great lateral siz& but it = B

does account for strong correlations observed in our experi- H(a,) = E H(h)e e (10
h=—o

ment. The advantage of this function is that it makes calcu-

lations fast. Here it is assumed that all interfaces have the same step

distributions, andA,, is a factor describing interface-
B. Asymmetric scattering from atomic steps interface correlations of steps, which will be determined

Another possible source of the asymmetry of GIXS is thelater' The parameters and £=(L) are the elementary step

atomic steps on vicinal interfaces of crystatee Fig. 1 height and the mean terrace length, respectiveft.) is a

X AL . . . probability per unit length for a terrace of length and
Since vicinal interfaces look different when they are illumi H(h) is a probability for a step of heightd. These functions

nated from the left and right sides, GIXS patterns can be .
different too. The scattering from stepped surfaces waf'™® normalized as

widely discussed for RHEE®. ™! Some of these results -

ha_lve been used for x-ray scatterﬁﬂ’é’,howevgr, Withlciut de- fdeP(L)z 1, 2 H(h)=1. (11)
tailed analysis. Alternatively, a study by Sinkaal.™ pre- 0 h=—o

dicted that(i) x-ray scattering from stepped interfaces peaks

in the reciprocal space along the ling=—q,6,,, which is First, let us consider interfaces where all the steps are
perpendicular to the surfaces of terraces between steps always in one direction and monoatomic. Then

vicinal crystallographic planeand i) the GIXS pattern at

smallq,£<1 would be symmetric and given by a self-affine H(h)=46n1, H(d,)=exp(—iq.d). (12
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Assuming a geometric staircasB(L) and P(g,) can be account the similarity of the correlation functions, the factor
presented 43 Ann is chosen in the form,, = o2exp(—|z,—z,|/£,), where
. B _ ) o is a fitting parameter corresponding to an effective rms
P(L)=¢ "exp(—L/¢), P(a)=1(1+iax). (13 roughness of interfaces caused by atomic staircases.

After the substitution of Eqs(12) and (13) into Eq. (8)
and on the assumption of small roughnegsdé&q,0<<1), C. Numerical procedures

we obtain Either of the above two models have been alternatively

A, 0202 applied to the analysis of our experimental data. For the
nne>rz ) (14)  skew roughness transfer model, the calculations were per-
(O &+ 0q,d)2+ q‘z‘d4/4 formed using Eq.(4) with the correlation function in the
_ form of Eq. (5). For the alternative assumption of stepped
The asymmetry of the GIXS pattern provided by the cor-jnterfaces, Eq(7) was used and the correlation function was
relation function(14) is qualitatively different from that for izken as a sunil5) of the self-affine(5) and the smoothed
skew roughness transfer. Here we have a shift of resonanGgeps(18) contributions, respectively, in order to smear the
sheets of GIXS towards negatigg instead of their rotation peak alongg,= —q,6,, given by the steps model and not
given by Eq.(4). Thus, the two effects can be clearly distin- gpserved in our experiment.
guished. _ Since the two models provide the two qualitatively differ-
Sinced= 6,¢, Eq. (14) provides a peak of x-ray scatter- ent types of GIXS patterns discussed above, we were able to
ing atd,=—q,6m, i.e., along the normal to terrace surfaces.distinguish between them and it was found that our data were
This coincides with the prediction by Sinleaal™* and with  only explained by the skew roughness transfer. Therefore, all
the observation of peaks in GIXS from vicinal surfaces inthe calculations presented in the following sections are based
Refs. 4, 10, and 42. However, there were no such peakgn this model and here we discuss some details of the nu-
observed in some other experiméfitS**and in our own  merical procedures.
study. To explain this discrepancy, we have assumed that There is a practical problem that the computations with
interfaces were not simple staircases and possessed randga_ (4) are slow because it contains the six enclosed sums
up and down fluctuations. Then, the correlation function maYand the integral from the exponent, which in turn requires the
be viewed as a sum of a self-affine part due to fluctuationgxpansion into the Taylor seriéIn view of the necessity to

’C,’:Ar?/no( ax) =

and the staircase part: simulate the huge amount of data in our study, some addi-
< tional simplifications were implemented without any sub-
Kan (60 = Kon (0 + KonPTdl0), 19 stantial Iosps of precision. P /
where, e.g., the Fourier-transform of the self-affine correla- First, we proceeded to the small-roughness approximation
tion function (5) presumingh=0.5 is (q,0<1), i.e., the integral in Eq(4) was replaced by the
Fourier transform of the correlation function like in E®).
. 2¢07 The latter one was tabulated once for differeqg ) and
lCnMr',rfg(qX)=—29Xp(— |z,—2z.|/&).  (16)  the tabulated values were used in the calculations of GIXS.
(9)°+1 The application of the above approximation to our case

(o=4 A) had a minor effect on the shape of the calculated
GIXS patterns, which was the major parameter compared
with experiment. The intensity calculated with this approxi-
mation was~ 1.2 and~ 1.8 times lower than that given by
H(q ):efiqzemgfqg(rz 17) the original formula(4) for RDS-5 and RDS-8, respectively.
z ' However, that could be corrected.
where o is the total rms roughness of interfaces and it is Second, it was taken into account that the reflected ampli-
taken into account that the mean probability for steps to gaudes D" are small outside the angular range for total
up (down) on the lateral scalé¢ must provide the interface external reflection. Therefore, the summation in Etj.was
shift in z direction by 6. Substituting Eq(17) into Eq.(8)  restricted by the terms containing the transmitted amplitudes
and assuming again a geometric staircds®, we arrive at D" only. This approximation is closer to the DWBA than
by 5 the Born onglEq. (7)], since it uses the amplitudes,*""
Step 28076107 Anny given by the Parratt equations and containing all the refrac-
ISP = S (18 ; o Ay
(O + 0, 0mE) >+ Oa oty tion effects in the layers. With this approximation, even the
Bragg-like peal® in GIXS are perfectly reproducedhese
where o= o+ 65,£%/2. If the fluctuations at the interfaces are not seen on the patterns presented in Sec. IV because of
are high, thero?> 62 ¢2, and the peak given by E@18) is  averaging over the experimental resolujioSome devia-
much broader than that given by E{.4). In the range of tions of this method from the DWBA are naturally observed
small g, it appears as an asymmetry of the GIXS patternfor the Yoneda peaks at the critical angles for total external
only. reflection. However, most of our experimental data went un-
At small g,é<1 Egs. (18) and (16) possess a similar der the experimental background at the Yoneda peaks; in a

structure, thus confirming the statement by Siehall*that  few other cases the DWBA was applied.
the self-affine model of interface roughness can be applicable Thus, the following formula was used in the majority of
to GIXS from stepped interfaces at smgl|. Taking into  computations:

Proceeding to a continuous step distribution, the probabil
ity distribution for step heights in the staircase g&jtcan be
presented as
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TABLE I. The structures and growth conditions of samples 1-4. The AlAs/GaAs superlattices are grown on vicinal GaAs substrates by
molecular beam epitaxy. The surface miscut angles and directions are determined by x-ray diffraction. The buffer layer thicknesses are
measured byn situ reflection high-energy electron diffraction. Buffer layer of sample 4 is grown as a single GaAs layer of 5000 A and an
additional 206 A superlattice produced after 1800 s interruption and consisting<of ML GaAs and 5<2ML GaAs grown with 60 s
interruptions. The parameters of superlattice samples are evaluated by simulating x-ray reflectivity curves. The surface rms roughness is
measured by atomic force microscopy.

Sample 1 2 3 4
GaAs(001) substrate:
Surface miscut angl€®), +0.03 0.38 0.40 0.43 0.38
Deviation of miscut direction fron110 (°), =5 8 5 0 6
GaAs buffer layer thicknesd}) 1000 1000 2000 5000- 206
Superlattice preparation:
Growth temperature (°IC 610 610 580 610
As,/Ga beam equivalent pressure ratio 12 15 17 7
Growth rate um/h) 0.5 0.5 0.5 0.5
Growth mode of GaAs layers step flow transitional 2D nucleation step flow
Growth interruptions after GaA&) 120 120
Superlattice parameters:
Number of periods of AIAs/GaAs 20 20 20 20
AlAs layer thicknesgA), +0.5 156.0 153.5 160.0 154.2
GaAs layer thicknes§d), 0.5 71.0 71.0 68.0 70.8
Surface oxide thicknesd), =1 18 15 15 12
Total rms roughnesé!), +0.5 4.0 4.0 35 3.0
Surface rms roughnegd), +0.2 4.2 4.7 3.3 2.3
do Sk3 . e pared to sample 1. An interruption of 120 s at the GaAs-to-
EZEE CrtlChrrprpy € 1AW =2 [C (), AlAs interface was applied during the growth of samples 2
n,n’
(19 and 4.
with K,,v(q,) being the Fourier transform of E@5). The B. Methods
application of Eq(19) provided about 30 times acceleration
of calculations, as compared with E@). GIXS measurements from the samples were performed

using three different experimental setups. The first setup was
a widely used conventional double-crystal diffractometer

IIl. EXPERIMENT with a 1.5 kW x-ray tube, G&11) monochromator, slits on
the incident beam side, and analyzing slit in front of scintil-
lation detector. The adjustment of samples was implemented

Four model samples of AlAs/GaAs superlattice werewith the help of an analyzer crystal, which was removed at
grown by molecular beam epitaxiiBE) on epiready GaAs measurements to achieve a higher intensity. The setup al-
(001 substrates. Some important parameters of the growttowed the measurements of both x-ray specular reflection
process are given in Table I. and diffuse scattering with the resolutions &f,=0.0036

In order to have similar initial stepped surfaces for theA ~! and Ag,=0.0003y,.
growth, vicinal GaAs substrates having the same small angle The second type of experimental setup included a 12 kW
of surface miscut of 0.4G20.03° from the(001) plane into  rotating anode(Rigaku, Gg220) channel-cut monochro-
[110] direction were selecteths checked by x-ray diffrac- mator, slits for the incident beam and a linear position sen-
tion). The deviation of surface miscut frofd10] direction  sitive detector, PSOBraun, on the exit. The resolutions
did not exceed 8° for all the substrates, see Table I. wereAq,=0.0010 A~! andAqg,=0.0002;,. An advantage

Before the deposition of 20 period AlAs/GaAs superlat-of this setup is the possibility of rapid mapping of x-ray
tices GaAs buffer layers with different thicknesd¢@sble |) scattering over a large area in the reciprocal space. However,
were grown. The conditions for superlattice growth, i.e., thethere are some problems in the separation of high-intensive
As,to-Ga beam equivalent pressure rafBEP) and the specular reflection and low-intensive diffuse scattering,
growth temperature were chosen to provide different growttwhich are discussed in Sec. IV.
modes. The samples 1 and 4 were grown in the step-flow The most precise measurements of GIXS were performed
mode in the GaAs compound of the superlattice, whereas thaith synchrotron radiation at CEMO beamline of
growth mode of sample 3 was the 2D nucleation. The growttHASYLAB, DESY, Hamburg® The setup included a
mode of sample 2 was probably at a transition from the steplouble-crystal $111) monochromator, slits for the incident
flow to 2D nucleation, due to a slightly increased BEP com-beam, and a $111) crystal analyzer in front of a scintillation

A. Sample preparation
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0.34

FIG. 2. Azimuthal orientation of the sample with respect to —~
incident and exit x-ray waves whéa) x-ray scattering is measured =<
along the surface miscyAM) and step movement directions, and ;N N . -
(b) perpendicular to miscuPM). Vector Ngs.ccdenotes the exter- . - sifesonres - - - - ==

nal normal to the sample surface.

detector. The resolutions ofAq,=0.0004 A™! and |
Ag,=0.000L, were achieved, which allowed the measure- 0.06
ment of the intrinsic width of x-ray curves.

In the following sections these three experimental setups  .02-
will be referred to as those with analyzing slit, with PSD and : e — —
with crystal-analyzer, respectively. -0.001 0000 0001 10°  10% 10 1

In all the experimental schemes x rays with the wave- q, (A" Reflectivity
length of CuK,; radiation were used. The resolution gy
direction was restricted only by millimeter slits leading to an ~ FIG. 3. Reciprocal space map of GIXS from sampléal, and
effective integration over, [see Eq.(3)]. Along with the specular reflect?on curve.correspondingxtzosection of the map at
mapping of GIXS over a large,q, area in the reciprocal 0x=0, (b). The fifth _and eighth RDS sheets are marked by numbers
space, single transversg and longitudinalg, scans were 5 and 8, respectively. Arrows indicate artifacts due to PSD
measured. crosstalk.

The x-ray measurements were performed in two direc-

) - , The specular reflection curve corresponding toghsec-
tions [110] and [110] for all the samples, i.e., along the {jon of the map afy, =0 is shown in Fig. &). It exhibits the

direction of m.iscu.t and perpendicular to it. Thes.e directionssgme set of superlattice Bragg peaks and a long hump of
are denoted in Fig. 2 as AM and PM, respectively. SOm&nansity due to a surface oxide layer. The mean slope of the
measurements for samples 1 and 2 were also taken in thg,e withq, is determined by the average roughness of the
opposite directiong,1 10] and[ 110], in order to verify that  surface and all interfaces. The thin line in FigbBshows a

the peculiarities of curves and maps were not artificial. simulated curve calculated by the Parratt’s metfasith

In addition to the x-ray measurements, the surface morregard to roughness. Fitted parameters of the superlattices
phology of the samples was imaged in real space by atomisuch as the thicknesses of the AlAs and GaAs layers within
force microscopy. A commercial ambient air atomic forceone period, the thickness of surface oxide layer, and the total
microscope(Park Scientific Instrumentsoperating in con-  root mean squarérms) roughness of the surface and the
stant force contact mode was used. The images were caterfaces are listed in Table | for all the samples. The AFM
lected at a scan rate 1@0m/s and line-by-line corrected to data for surface rms roughness are presented in Table | as
account for the finite radius of curvature of the cylindrical well. A small difference in absolute values of rms roughness
piezos. The lateral and vertical resolution were 200 A ancbtained by GIXS and AFM measurements arises most prob-
0.2 A, respectively. ably as a consequence of different areas for the data averag-
ing in these methods.

As follows from Eq.(3), the resonance diffuse scattering
sheets observed in Fig(a88 indicate a strong vertical corre-

A reciprocal space map of GIXS from sample 1 measuredation of the roughness between the interfaces in the
with PSD is shown in Fig. @) as being typical for all the superlatticé>?°Further detailed information about the inter-
samples studied. The map exhibits a vertical streak of spectiacial roughness can be provided by the analysis of the size
lar reflected intensity with superlattice Bragg peaks on it andind shape of different RDS sheets. Figure 4 shows the de-
a series of horizontal streaks corresponding to diffuse scatailed maps of the fifth and the eighth RDS sheets. They
tering concentrated into resonance diffuse scattering sheetsvere measured for sample 1 along the miscut directions and

The map in Fig. 8) consists of a series of PSD data lines perpendicular to it using the setup with analyzing slit. The
which are directed diagonally and serially shifted in the ver-maps measured in reverse directi¢afier azimuthal rotation
tical direction. Some of these dafghe diagonal streaks of the sample by 180°) exhibited mirrored features, as ex-
marked by arrowsexhibit artifacts occurring when the PSD pected. The maps in Figs. 3 and 4 are compressed ig.the
was oversaturated by a high intensity in the low-order superdirection due to the different scales along theandq, axes.
lattice Bragg peaks. Then, the signal spreaded over the other First of all, the experimental maps in Fig. 4 exhibit very
PSD channels producing the artificial strip. These artifactslifferent q, widths of the RDS sheets measured in AM and
can be partially suppressed by using a wirelike attenuator i®?M directions. This is an evidence for a strong anisotropy of
front of those PSD channels which record the specularly relateral size of interfacial roughneésee Sec. )l A largerqg,
flected beam. width of RDS indicates a smaller lateral correlation length of

IV. RESULTS
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FIG. 4. Reciprocal space maps of the fifth and the eighth RDS sheets for san@e5AM, 8AM — results of x-ray measurements in
the direction along miscut and corresponding simulatidos,5PM, 8PM — the same for direction perpendicular to miscut.

roughness in the direction along the miscut than perpendicieters for computer simulations of RDS sheets.
lar to it. The simulations of GIXS were performed according to
Another peculiarity of the RDS sheets in Fig. 4 is a smallEq. (4) with the correlation function in the forn(s). The
tilt in the q,q, plane, or the asymmetry of theg sections of  fitted parameters were the lateral and vertical correlation
RDS with respect to the central specular reflection g€k |engths, the roughness expondjatggedness and the skew
5). According to the theory described in Sec. Il this kind of angle of roughness inheritan¢see Table ). An additional
asymmetry of diffuse scattering is due to skew roughnesparameter was the relative heightaxfrrelatedroughness. It
inheritance by successive interfaces. was determined by comparing the intensities of measured
Both the anisotropy and asymmetry effects are observeg|Xs with corresponding theoretical cross sections calcu-
for the other samples as well. The RDS maps for sample 2, 3ated using the total rms roughness. The ratio of these two
and 4 are presented in Fig. 6. The maps of the eighth RD$alues was nearly the same for samples 1-3, while for
sheet for samples 3 and 4 are not shown because they do ngdmple 4 GIXS was weak and the ratio was about 6 times
provide any additional information. less. This corresponded to about 2.5 times lower rms of cor-
In the first approximation the skew inheritance angle waselated roughness in the samplésée Fig. 5 and Table)ll
measured as the tilt angle of RDS in the figures taking into The determination of roughness parameters from GIXS
account the difference in the scalesgfandq,. The fol-  data is usually based on the fact that each of the parameters
lowing convention was used for the signs of skew inherit-can be related to a particular feature of x-ray scattering pat-
ance. For AM direction the " sign was assigned to the tern. For example, the lateral and vertical correlation lengths
skew angle when the roughness was inherited towards thgre inversely proportional to the extension of RDS in recip-
step-flow direction, as taken from the literattfrand shown rocal space oveq, andq,, respectively, while the value of
in Fig. 1. In Fig. Za) this positive direction coincides with the roughness exponent determines the descent of GIXS with
[110]. For PM direction, where there is not such a clearq, . Thus, different effects can be separated and preliminary
criteria, the skew angle was assigned positive when the inestimations of the correlation lengths can be obtained mea-
heritance was inclined towardd 10], see Fig. &). The  suring the half width of experimental RDS in the two direc-
measured skew angle values were taken as starting paraitiens. However, when GIXS measurements are implemented
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curve amounts to 3000 A. The vertical correlation lengths
obtained from these high-resolution measurements are given
in Table Il for all the samples.

As one can see in Fig.(l9), the transverse, scans also
display a significant difference in their half width when mea-
sured either with an analyzing slit or with an analyzer crys-
tal. The major reason for this is the influenceggfresolution
on the width ofqg, sections. Since RDS sheets possess a
crescent shape, the width of their lateral sections effectively
increases when they are smeared due to dgwesolution.
Thus, the disregard of theg, resolution of GIXS experiment
can result in underestimated lateral correlation lengths.

In view of this argumentation, the calculated maps of
RDS sheets were averaged taking into account experimental
resolution in bothg, and g, directions in order to compare
them with experimental data and to obtain the correct values
of lateral and vertical correlation lengths. The calculated
transverse scans were obtained as sections of averaged cal-
culated RDS sheets. These sections were compared to ex-
perimental transverse scans. Such a procedure gave lateral
correlation lengths which agree with AFM ddtee Sec. V.

The calculated averaged RDS sheets are shown for all the
samples in Figs. 4, 6 along with the experimental data, and
the fitted parameters are listed in Table II. The comparison of
the g, sections of calculated averaged maps with the experi-
mental curves for samples 1 and 4 is presented in Fig. 5 and

) indicates their satisfactory agreement.

10 f‘/“mmm — . S It should be mentioned that the fitting of the eighth RDS
-0.004  -0.002 0'099 0.002 0.004 sheet of samples 1 and 2 indicates the presence of an addi-
q,((A ) tional component of interface roughness with a smaller lat-
eral correlation lengtlisee Figs. 4, 5, 6 and the lateral cor-

FIG. 5. Transverse scans through the fifd) and eighth(b)  relation length 2 in Table JI It could be attributed to an
RDS sheets for sample 1 and sample 4 measured in the directiqRcrease of the lateral correlation length with the superlattice
along miscut. Experimental and calculated curves are shown bl{fjrowth, since the higher-order sheets are formed by diffuse
solid and dotted lines, respectively. Dotted curves 1.1 and 1.2 Corécattering from a thicker probed surface layer.
respond to simulations_ using lateral correlation lengths of 1000 The AFM images for all samples are displayed in Fig. 8.
A and 2000 A, respectively. The surfaces of samples 1 and 3 show pronounced step

bunches directed alon§l10] (Ga-terminatedA steps.
These bunches are restricted in their elongation in perpen-
dicular [110] direction byB steps, As terminated. Besides,
the A steps of sample [Fig. 8@)] are smoother and more
elongated, while for sample [Fig. 8(c)] they are rougher,

Intensity (cps)

Intensity (cps)

with the analyzing slit, theig, resolution can turn out to be
low, so that just the resolution itself, but not the correlation
length determines thg, half width of RDS. For example,
estimating the vertical correlation length from the
g,-halfwidth of all experimental RDS sheets in Figs. 4, 6 one .
can find a very small vertical correlation length of aboutShorter' and resemble islands.

500—900 A in all the cases. That contradicts the presence of AFM images of sample PFigs. 8b), (f)] do not show any
high-order RDS sheets on the map of Fig)3which indi-  €gular steps. However, on a larger length scale step bunches

cates a higher vertical correlation of roughness. Thus, al

improvement of the resolution is required. This fact was nol8 D .
taken into account in many previous studies, where Om)}otal and correlated roughness. This is also reflected in the

transverse scans providing sections of RDS at constant AFM images|[Fig. 8d), ()] which show a very s_mall sur-
were measured. face roughness of only 2.3 A. Nevertheless, anisotropic re-

Using synchrotron radiation and the setup with analyzellief’ resembling steps, can be resolidg. 8(d)], and on a

crystal, the resolution was improved and the intrinsic Widthl‘.'jlrger length scalgFig. 8h)] some step bunches can be dis-

- o ished.
of the RDS sheets was measured. In Fig. 7 longitudinal anfnguis . . .
transverse scans taken from sample 1 in the AM directio The lateral correlation lengths obtained by GIXS are in-

n,. ) L
across the fifth RDS sheet are presented. Here the measufggated as bars on all AFM images of samples 1-4 in Fig. 8.

ments with conventional x-ray tube using an analyzing slitt €an be seen that x-ray and AFM data are in good agree-
and with synchrotron radiation using an analyzer crystal ardnent.
compared. The half width of the longitudinal scan obtained

with the analyzer crystahgq,=10"2 A1 is two and a half

times larger than the resolution of the setup. The accurate We have demonstrated that both the morphology of the
value of the vertical correlation length determined from thisvicinal surface of the substrate and the conditions of MBE

V. DISCUSSION
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FIG. 6. Reciprocal space maps of the fifth and the eighth RDS sheets for sampl@2b); and the fifth RDS sheet for sample 3 —
(0),(d), and sample 4 —¢),(f). 5AM, 8AM — results of x-ray measurements in the direction along miscut and corresponding simulations;
5PM, 8PM — the same for direction perpendicular to miséuis the angle of skew roughness inheritance.

growth influence the roughness of interfaces in AlAs/GaAsin the buffer layer thickness from 1000 A to 2000 A in our
superlattices. In this section we will discuss this influence inexperiment results in smoother surfaces and interfaces of the
more detail. superlattices, as proven by the reduced rms roughness of
interfaces measured by GIXS and the surface rms roughness
given by AFM (see Table)l

It is also known that a post-growth annealing at growth

The magnitude of surface and interfacial roughness, fountemperature can essentially influence the surface roughness
by GIXS measurements, is dependent on the quality of thef the buffer layer33°3¢The smoothing of surfaces due to
initial surface prepared for superlattice growth. Since subsurface diffusion was found by Smitét al>>*® Annealed
strates are always roughened by pits and other defecwurfaces exhibited a lower step density and smoother large-
formed during oxide desorption preceding superlatticescale undulations of roughness, although the monolayer steps
growth 3338 puffer layers are grown in order to improve the edges became more irregular. Hetyal ** observed that the
surface quality. It was shown previoudly® that buffer lay-  post-growth annealing at growth temperat@eder arsenic
ers grown at proper conditiontstep flow modg exhibit  flux) drastically changed the width distribution of as-grown
smooth surfaces with step arrays and large-scale lateral ustep terraces. Prolonged annealing caused destruction of the
dulations(step bunchesafter approximately 750 A deposi- regularity of as-grown step systems.
tion. The increase in the buffer layer thickness can lead to Our results confirm the smoothing of interfaces due to
smoother surface®;* although above 2000 A a roughening growth interruptions. As measured by both GIXS and AFM,
can reappear. In consistency with these results, the increasige total rms roughness of surface and interfaces decreases

A. Roughness height
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TABLE II. The interfacial roughness parameters, i.e., lateral and vertical correlation lengths, roughness exponents, skew inheritance
angles, and relative correlated rms roughness obtained from simulations of GIXS maps. GIXS measurements are performed for samples 1-4
in two sample azimuth directions: along and perpendicular to miscut. Along the miscut direction some samples exhibit two components of
roughness with different lateral and vertical correlation lengths marked as 1 and 2.

Sample 1 2 3 4
Along miscut: RDS-5 RDS-8 RDS-5 RDS-8 RDS-5 RDS-8 RDS-5 RDS-8
Lateral correlation length 1A), =250 2000 2000 2500 2500 4000 4000 5000 5000
Lateral correlation length 2A), =250 1000 1000
Roughness exponefjaggedness +0.1 0.8 0.8 0.8 0.7 0.9 0.9 0.9 0.9
Vertical correlation length 1A), =250 3000 3000 1500 1500 2000 2000 1000 1000
Vertical correlation length 24), =250 3000 1000
Skew inheritance angl€’), +5 -15 -15 —45 —45 45 45 45 45
Relative correlated rms roughne8$) 100 100 100 100 100 100 40 40
Perpendicular to miscut: RDS-5 RDS-8 RDS-5 RDS-8 RDS-5 RDS-8 RDS-5 RDS-8
Lateral correlation lengtA), =250 4000 4000 7000 7000 3500 3500 6000 6000
Roughness exponefjaggedness +0.1 0.8 0.7 0.9 0.8 0.9 0.9 0.9 0.9
Vertical correlation lengttfA), +250 3000 3000 1500 1500 2000 2000 1000 1000
Skew inheritance angl€’), £5 8 8 75 75 10 10 50 50
Relative correlated rms roughne$s) 100 100 100 100 100 100 40 40
when the superlattice is grown discontinuously on a 1.0 (a)
multilayer buffer which is grown with growth interruptions _
(sample 4, Table)l The effect is even stronger for the ver- 2 08 -
tically correlated component of interfacial roughness. The 2
correlated roughness for a superlattice of the same sample 4 2 |
: : : : £ 06
is 2.5 times smaller than in the other cases of a single buffer >
layer and continuous growttFig. 5 and Table ). It indi- o ]
cates that growth interruptions lead to a smoother surface T 0.4 -
and that the correlated roughness of interfaces in superlat- E _
tices is to a greater extent a result of the morphology inher- ‘2D 0.2 -
itance from the buffer layer than the total roughness. As we |
will see in the next section, the correlated roughness in the 0 -
case of step-flow mode corresponds to the step bunches on
the surface and interfaces of the superlattices. -0.01 0.01

B. Surface and interface morphology 10°

For all the samples GIXS and AFM exhibit an anisotropy
of the surface and interface morphology related to the mis-
cut. The origin of this anisotropy is the stepped initial surface
as the template for the superlattice growth. However, this
characteristic feature can be strongly modified by different
growth modes. The step-flow mode provides distinct step
bunches whereas 2D nucleation provides islands, different in
height and habitus, as confirmed by AFM images of sample
1 and 3[Figs. §a), (c), (e), (g)], respectively. GIXS mea-
surements also confirm this fact: the AM lateral correlation
length is 2 times smaller than the PM length for sample 1
grown in step-flow mode, while both the correlation lengths —T |
are comparable for sample 3 grown in 2D nucleation mode -0.002 0.000 0.002
(see Table . Transitional mode of growth can preserve the q.(A-)
anisotropy. AM lateral correlation length is nearly 3 times X

smaller than PM length for sample 2, although the steps are giG, 7. Longitudinal(a) and transverséb) scans through the

no longer clearly resolved on the surfdéggs. 8b), (f)]. fifth RDS sheet from sample 1 taken along the miscut direction on
A further comparison of x-ray and AFM results reveals different experimental setups. Curves measured with a conventional

that the characteristic lateral correlation length, obtained-ray tube and analyzing slit are shown by dotted lines. Results of

from GIXS, corresponds with the size of the step bunches ogynchrotron measurements using a crystal analyzer are shown by

islands, but not with the width of the terraces for single stepssolid lines.

-
oI

102

Normalized Intensity




56 GRAZING-INCIDENCE X-RAY SCATTERING FROM ... 10479

PM
sample 2

AM

PM

sample 4

I 0.5um | | 1.0 um |

FIG. 8. AFM images of GaAs surface of samples sdbscribed in respective ordefa)—(d) Images of X 1um? area;(e)—(h) images
of 3x 3um? area. The directions along the miscut and perpendicular to it are shown by arrows for each image. Bars on the images indicate
lateral correlation lengths given by GIXS.
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The lateral correlation lengths measured in the direction First, a strong component of skew roughness inheritance
along the miscut, 2000—-5000 A, are much larger than thevas also observed in the direction perpendicular to the mis-
width of terraces calculated for the nominal miscut angle anatut which together with a component along the miscut gave
the monostep height. The averaged terrace width is aboumheritance in some intermediate direction. This effect ap-
400 A for the samples with a miscut angle of about 0.4° andpeared due to the 120 s growth interruptions after each GaAs
the monosteps consisting of GaAs or AlAs bilayers with alayer. For such samples, the PM component of roughness
height of about 2.8 A. transfer was characterized by very large skew angles of
Growth interruptions also strongly influence the surface45°—75°.
and interface morphology. In line with the observations of Second, negative skew angles of roughness inheritance
lower step densify and formation of rather large terradds are found in the direction along the miscut. This means that
at growth interruptions, our results show that discontinuoughe inclination of roughness transfer proceeds in the direction
growth leads to interfacial roughness with a larger laterabpposite to the direction of step flow. This effect is observed
correlation length in both along and perpendicular to miscufor sample 1 grown in the step-flow mode on thin buffer
directions(see Table Il. However, the vertical correlation layer (the highest total, surface, and correlated rms rough-
length becomes smaller. We will discuss this fact in the nexnes$. The angle of negative transfer is small, but certainly
subsection. The growth interruptions also cause a strong@&bove possible experimental errors. The perpendicular-to-
anisotropy of roughness due to the greater increase in thaiscut component of roughness inheritance for this sample is
lateral correlation length perpendicular to the miscut direchearly zero. One possible explanation for the negative skew
tion, than along the miscut, as observed by Gi$8e Table angle could be such a large lateral transfer of step buriches
II). This result is consistent with the observations by Smiththe positive directiorthat they could pass nearly the whole
et al*® that annealed surfaces show a larger step spacing anatteral correlation length. If the surface relief is periodic, the
a longer size of steps in the direction perpendicular to miscases of roughness transfer with large positive and small
cut. negative skew angles become equivalent. Some evidence of
the relief periodicity is observed for sample 1 as peaks in
diffuse scattering in Fig. Sshown by arrows
C. Roughness inheritance However, the very large negative skew angle is observed

In contrast to AFM, x-ray diffuse scattering also provides ' Sample 2 grown on a similar rough surface to sample 1,

information about the roughness of buried interfaces and th ut in.a tra“?“‘”.‘a' growth mog{esteps are not resplved on
\FM image in Fig. §b)] and with growth interruptions. In

correlation of the roughness between interfaces. The correl " L .
tion of interfacial roughness in the vertical direction through (?'d'“or?' sar_nple 2 exhibits the strpngest compone_nt of in-
the multilayer stack was strongly influenced by the mode ofIn€d inheritance of roughness in the perpendicular-to-
superlattice growth and the use of growth interruptions. Them'SC“t direction. The latter effect means that the annealing
vertical correlation length was less than the thickness of th&reaks the symmetry betweéf 10] and [ 110] directions,
whole superlatticéabout 4400 A) for all the samples. The Which is otherwise preserveithe symmetry betweefi10]
largest vertical correlation length of about 75% of the superand| 1 110] is broken by the miscut To our knowledge, the
lattice thickness was observed for sample 1 grown in thenly probable explanation for this effect could be a forma-
step-flow mode and without growth interruptions. A smallertion of some facets or roughness undulation with a preferred
length, about a half of superlattice thickness, was obtainedrystallographic orientation other than the miscut direction.
for sample 3 grown in the 2D nucleation mode and alsoThis could happen as a result of surface diffusion during
without growth interruptions. Growth interruptions signifi- growth interruptions. An indirect confirmation to this fact are
cantly destroyed the vertical correlation of the interfacialthe observations of irregularly shaped step edges found by
roughness and resulted in the smallest vertical correlationther author§*®34on the surfaces of annealed or discon-
length (about 25% of the superlattice thickngsas observed tinuously grown samples. Finally, we would like to point out
for samples 2 and 4. It is possible to conclude that continuthat further systematic investigations are necessary to pro-
ous step-flow growth provides the best conditions for inhervide a detailed model of the mechanisms that are responsible
itance of interface morphologistep bunchesby successive for skew roughness inheritance during epitaxial growth.
interfaces, while the modification of the surface at growth Our study, probably, exhausted the opportunities provided
interruption breaks this progression at each AlAs-on-GaAdy laboratory x-ray equipment. The experiments which
interface and decreases the extent of vertical correlation ofould be desirable—obtaining direct information on the
roughness. shape of the correlation function using out-of-planes GIXS
For all the samples the inheritance of roughness by suaneasurements over a very wide range of momentum trans-
cessive interfaces in superlattices occurred in an inclined difers g, ,*"*"*®or determining the atomic ordering within the
rection with respect to the sample surface normal. As a corroughness with GIXS near the grazing-incidence diffraction
sequence of the inclined inheritance of roughness, the RDBeaks2® both require either a wiggler or a third-generation
sheets are tilte¢see Figs. 4 and 6 and Sec. [The effect of  synchrotron radiation source.
the skew roughness inheritance was observed previously by
other author®?! and was connected with a miscut of the
substrate. The direction of skew inheritance was found to
coincide with the direction of step flow on growing vicinal ~ The surface and interfacial roughness in AlAs/GaAs su-
surface$® In our study we have found some different effects perlattices grown by MBE on vicingD01) GaAs substrates
(see Figs. 4, 6 and Table)ll have been studied depending upon different growth modes,

VI. SUMMARY
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growth interruptions, and substrate preparation. The twmusly grown samples. The first observation, to our knowl-
techniques applied to this study, the grazing-incidence x-ragdge, of the inclination of roughness inheritance in the direc-
scattering and the atomic force microscopy, have beetion perpendicular to the miscut has been reported. Together
shown to provide complementary information on the rough-with an inclination along the miscut it provided the inherit-
ness. ance in some intermediate direction. It has been suggested
The crucial parameter Changing the morpho'ogy of Surlhat Surface diﬁusion during gl‘OWth intel’ruptions I’esu|tS in
face and interfaces of the superlattices grown on the sughe formation of some facets or roughness undulations with a
strates with the same miscut angles was the growth mod@referred crystallographic orientation. This breaks the sym-
The samples grown in the step-flow mode exhibited steﬁ“_etry, and provides a pos§|b|llty of skew inheritance in the
bunching on the surface and interfaces possessing a stroﬁgecuon other than the miscutone.
azimuthalanisotropy According to this, the lateral correla- Another effect observed is the negative inclination angles
tion length of roughness measured in the direction along th8f. rou?h[\ri_ss mft;erlttarr]wce rgeasufred 'g tpe dtgectlon allo?tg the
miscut was smaller than perpendicular to it. On the othefniscut. This etiect has been found tor the Superiatlices
hand, the sample grown in two-dimensional nucleation mod rown on |nsuff|C|er_1tIy smoqth thin buffer Iay.e.rs. It was en-
exhib’its no anisotropy of roughness anced by growth interruptions at the transitional mode of
It has been confirmed that surface and interfacial rough.grOWth' We suppose that in this case as well the inheritance

ness of superlattices strongly depends on the substrate predi—m the positive direction of the step flow, but with a large

ration. The rms height of roughness decreased and the Iatetﬁgglfénz(i;hat the steps could pass the whole lateral correla-
correlation length increased with the improvement of quality It has been found that the 2D mapping of GIXS in the

of the buffer layer surface. This proves that the interfaces of . . : o
the superlattices inherited the substrate morphology. reciprocal space is urgently required for the characterization

A strong asymmetry of interfacial roughness inheritanceOf roughness in multilayers. The scans of GIXS used in

has been observed via the asymmetry of GIXS. The theoref'@ny previous studies may be fitted by incorrept Iatgra_l cor-
ical analysis has shown that this can be due to either a skeWIatlon length of roughness, when the vertical intrinsic

roughness inheritance in multilayers or the steps at vicinaf'ldth of the resonance sheets of GIXS is unknown. ghe

interfaces. In the former case each resonance sheet is tiltéf2"S drawn through the centers of the RDS sheet may not

by the inclination angle, so that the sheets stay normal to thgeveal the asymmetry caused by skew roughness inheritance.
inheritance direction. In the latter case the whole GIXS pat-
tern lines up along the crystallographic direction normal to
terraces at the vicinal interfaces. For all our samples the This work was supported by the Volkswagen Foundation,
GIXS asymmetry has been found to be due to the skew inFederal Republic of GermanyProject No. 1/72439 and by
heritance of roughness and no asymmetry due to the steps ‘dDeutsche Forschungsgemeinschaft” within the framework
vicinal interfaces was evident. of Sfb 296. We are grateful to A. A. Cherndinstitute of

It has been shown that growth interruptions smooth theCrystallography, Moscoyand H. Raidt(AG Rontgenbeu-
interfaces, but drastically destroy the roughness inheritancgung for valuable advice. One of US.A.S) is also pleased
in superlattices. The correlation of interfacial roughnesso thank V. Holy (Masaryk University, Brnpand S. Sinha
along the superlattice stack was much less for discontinugArgonne National Laboratojyfor stimulating discussions.

ACKNOWLEDGMENTS

*On leave from: Institute for Nuclear Problems, 11 Bobruiskaya”T. Salditt, T. H. Metzger, and J. Peisl, Phys. Rev. Lég.2228
St., Minsk 220050, Republic of Belarus. (1994.
1s. K. Sinha, E. B. Sirota, S. Garoff, and H. B. Stanley, Phys. Rev1®D. K. G. de Boer, Phys. Rev. B9, 5817(1994.
B 38, 2297(1988. 19M. Tolanet al, J. Phys. D28, A231(1994.
A. V. Andreev, A. G. Michette, and A. Renwick, J. Mod. OBE,  2°v. M. Kaganer, S. A. Stepanov, and R. Ker, Phys. Rev. 52,
1667(1988. 16 369(1995.
3S. K. Sinha, Physica B73 25 (1991). 2IR. L. Headrick, J.-M. Baribeau, and Y. E. Strausser, Appl. Phys.

4T. A. Rabedealet al, Appl. Phys. Lett59, 3422(1997).

5D. E. Savageet al, J. Appl. Phys69, 1411(1991).

6J. B. Kortright, J. Appl. Phys70, 3620(1991).

Y. H. Phanget al, Appl. Phys. Lett60, 2986(1992.

8X. Jiang, T. H. Metzger, and J. Peisl, Appl. Phys. Létt, 904
(1992.

9Z. H. Ming et al, Phys. Rev. B47, 16 373(1993.

10R. L. Headrick and J.-M. Baribeau, Phys. Revd® 9174(1993.

e, spiller, D. Stearns, and M. Krumrey, J. Appl. Phyd, 107
(1993.

12y, Holy et al, Phys. Rev. B47, 15 896(1993.

133, K. Sinha, J. PhygFrance Il 4, 1543(1994.

145, K. Sinhaet al, Physica B198, 72 (1994).

15y, Holy and T. Baumbach, Phys. Rev.4®, 10 668(1994.

18y, H. Phanget al, Phys. Rev. B50, 14 435(1994.

Lett. 66, 96 (1995.

22C. Teichertet al, Appl. Phys. Lett66, 2346(1995.

233.-P. Schlomkat al, Phys. Rev. B51, 2311(1995.

24D. K. G. de Boer, A. J. G. Leenaers, and R. M. Wolf, J. Phys. D
28, A227 (1995.

258, Jenichen, S. A. Stepanov, B. Brar, and H. Kroemer, J. Appl.
Phys.79, 120(1996.

263, A. Stepanoet al, Phys. Rev. B54, 8150(1996.

27]. Stettneret al, Phys. Rev. B53, 1398(1996.

2E, A. Kondrashkinaet al, in IUCr XVII Collected Abstracts
(IUCr, Seattle, WA, 1995 p. 474.

29C. Gianniniet al, in IUCr XVII Collected Abstract£IUCr, Se-
attle, WA, 1996, p. 465.

30B. Jenichen, R. Hey, M. Wassermeier, and K. Ploog, Nuovo Ci-
mento D19, 429 (1997.



10 482 E. A. KONDRASHKINA et al. 56

31L

. G. Parratt, Phys. Re®5, 359 (1954.
32
F

. Abeles, Ann. PhydqParig 3, 504 (1948; 5, 596 (1950.

33R. Heyet al, J. Cryst. Growthl54 1 (1995.

34R. Heyet al, J. Cryst. Growthl75/176 1167 (1997).

35G. V. Smithet al, Appl. Phys. Lett59, 3282(1991).

36G. V. Smithet al, J. Cryst. GrowthL27, 966 (1993.

3'M. Henzler, Surf. Sci73, 240(1978.

%8C. s. Lent and P. I. Cohen, Surf. S&89, 121(1984.

3p, R. Pukite, C. S. Lent, and P. I. Cohen, Surf. S61, 39
(1985.

403, M. Pimbley and T. M. Lu, Surf. Scil59 169 (1985.

413, Wollschlger, J. Falta, and M. Henzler, Appl. Phys.58, 57
(1990.

42M. Yoon et al, Phys. Rev. B49, 16 702(1994.

“3This choice is close to the self-affine model of roughness with
h=0.5. On the other hand, assuming a periodic staircase, one
can explain the periodic peaks in transverse scans of GIXS ob-
served by Gianninet al. (Ref. 29.

4E. A. Kondrashkinaet al, in HASYLAB Annual RepofDESY,
Hamburg, Germany, 1996Vol. 1, pp. 484-485.

45J. A. Dura, J. G. Pellegrino, and C. A. Richter, Appl. Phys. Lett.
69, 1134(1996.

46M. Takeuchiet al, Jpn. J. Appl. Phys34, 4411(1995.

47T, Saldittet al, Europhys. Lett32, 331(1995.

48R. Paniagcet al, Phys. Rev. B52, 17 052(1995.



